possible to achieve pressure attenuation and reduce sound intensity.
Under the assumption of low Mach number, the characteristic length of the body is in general much smaller than the acoustic wave length, which implies that the compactness ratio is small and the flow in the vicinity of the body is not wave like. Dowling 
Inner Solution and its Fourier Transform
The motion of an oscillating circular cylinder as depicted in Fig. 1 
The symbols in this equation refer to dimensionless quantities and are defined as follows:
Applying the Fourier transform pair to Eq. (1) to give 
OR e R OR R 2 aO 2 at'-where the subscript o refers to the perturbed p in the outer region.
solution in Eq. (1), the outer solution is assumed to be of the form
In view of the inner
Upon substitution of this expression in Eq. (4) and applying the Fourier transform, it becomes
This is the Bessel equation of the first order, whose solution for the outgoing wave is the Hankel function of the second kind and is given by
where A is the unknown coefficient to be determined by matching.
Matching and Inverse Transform
Eq. (7) 
The inverse transform of Eq. (8) is 
where z = x + iy represents a field point in the flow field, Zm = Xm -t-iym refers to the midpoint in the surface vorticity element sin, whose vorticity strength per unit length is Ym.
and dsm is the length of this element (Fig. 2) 
The free stream velocity is assumed to be always parallel to the x-direction. Thus, the angle of attack of a body is the angle between the x-axis and the blade chord.
As the field point x and y approaches the surface point Xm and Ym, Eqs. (12) reduce to Eq. (1 3). The solution of this system determines the unknowns Tin.
_-_,,,=,.,,.,, A second-order method is used for time evolution from t to t + At. 
After the Kutta condition is applied and the expansion performed, this equation reduces to
By means of the linearized Bernoulli equation, the unsteady pressure due to the body-vortex interaction in the inner region becomes
where r and 0 as before denote the radial distance and angle from the origin to the observer. OYm/OZis the time rate of change of surface vorticity per unit length at a fixed point, while Dx_/D_, DxJD'c .... are the total derivatives, the differences of vortex positions observed in a coordinate system moving at the freestream speed.
Since the observer is stationary but vortices are in motion, r and 0 will change with time, except those measured from the surface vorticity elements to the observer.
However, owing to the fact that interactions become important only when vortices are near the blade, it is therefore assumed that these variable r's and O's can be approximated by the fixed r and 0 from the origin to the observer. The error incurred in this approximation is small, since the present concern is with the far-field noise.
It is assumed that one vortex is shed from each trailing edge after each time step. 
where M0 is the freestream Mach number and R = M0 r. 
It represents the time history of the far-field sound pressure from the far upstream to the end of computation.
However, its value becomes appreciable only in the short interval when the vortex is near the body. Outside of this range the medium is essentially silent. This property of fast decay can also be seen in the linear theory of Fig. 4 and the agreement is seen to be good. In this figure, the scaling factor MlP-sin(0/2)/rc r _/2for the acoustic potential in his Eq. (3.6) was not included and the value for rc r was chosen to be 15.0.
The maximum value of the potential is at t = rc r and the decay is very slow. This is in striking contrast with the vortex interaction of finite bodies, in which the sound pressure decays rapidly once the vortex passes the body. 
where the subscript i denotes the complex potential in the inner region.
Since there is only one vortex in each blade pitch, b refers also to the pitch of vortices.
This equation bears a close resemblance to Eq. (11). Therefore, it is reasonable to expect that there is a counterpart of Eq. (13) for a cascade, whose influence coefficients are
where most symbols have similar meanings as in Eq. (13). In particular, Kc 
Outer Solution and Matching
The acoustic equation in the outer region is given as Fig. 5 consistsof threeparts:the unsteady surfacepressure, themoving vortex andthe wake. Althoughthe soundproductionby the wakeis usuallynegligible,the applicationof the Kuttaconditionis still important, sincewithout it thetemporalvariationof the surfacepressure will not becorrect. No plot of the wakeis given here,but it will be shownlater in anotherexample. Its influencecan,however,be seenin the insertin Fig. 5, wherethe The observer in both figures is directly above the blade at a distance of 50 chord lengths from the leading edge, which is the origin of the coordinate system, and at 90°f The sound pressure in Fig. 6a is caused by a counter-clockwise rotating vortex. If its sense is reversed with all other parameters remaining unchanged, the sign of the sound pressure also will be reversed and the magnitude will be slightly higher. In addition, the vortex trajectory and the vortex-to-blade miss distance are somewhat different (Fig. 6b) . These variations are due to the different manners that an incident vortex interacts with the blade. It is said that a vortex produces sound mainly when it cuts across base flow An example of the wake pattern, however, will be given in Fig. 14b .
Figs. 7 depicts two examples for the vortex passing below the blade. The acoustic pressure in Fig. 7a is equal to that in Fig. 6b , except the sign. From the viewpoint of noise attenuation, this property of sign reversal is significant and will be exploited later. Since the body is symmetric, this case is equivalent to the case of a clockwise rotating vortex passing above the blade with the observer below the body. By the same token, the acoustic pressure in Fig. 7b is a counterpart of Fig. 6a .
To present a more complete picture, the directivity pattern for Fig.6a is shown in Fig. 8a and is seen to be akin to that of a dipole. The patterns for others in Figs. [6] [7] are similar and will not be given. Fig. 6a , the overall noise intensity is lower and the corresponding directivity in Fig. 8b is also considerably smaller.
Thus far the strengths of both vortices are equal. This need not be the case as shown in Fig. 10a , in which the vortex paths are not symmetric, the strengths are not
equal and yet the noise is lower.
The above are three examples with two incident vortices, one on each side. In the following, examples are given with both vortices on the same side of the blade. This is to demonstrate that the primary reason of noise attenuation is the presence of a pair of vortices of opposite sense as in Fig. 10b . Notice that the induced velocities by vortices on themselves are in the opposite direction of the free stream. Thus, the arrival time at the blade is delayed, which is reflected by the longer time for the peak pressure to appear. The converse also is true. In this case, the signals will be somewhat clustered.
Two more examples will be presented for a single blade. One is the case that the blade is at an angle of attack of 5°. The attenuation in Fig. 1 la is considerable. This is mainly due to the small separation distance between two vortices and not to the angle of attack. If this distance decreases further, destructive interference also will be larger.
The second case is shown in Fig. 1 intensity is very low and cannot be easily discerned in this figure.
Two or More Blades
Since the present method is not limited to a single body, attention is now directed to vortex interactions involving two or more blades with two or more incident vortices.
One example in this group is a pair of stacked blades somewhat like a two-dimensional inlet with a single vortex moving through the passage as in Fig. 12a . The separation distance between two blades is sufficiently large, so that the blade-to-blade influence is relatively small. The resulting sound pressure is, therefore, similar to that of Fig. 7a for a single blade. Note that two blades parallel to a uniform stream in the absence of incident vortices can still induce circulation on each other, but the total strength of circulations is zero in accordance with Kelvin's theorem.
Although the directivity pattern for this case, if plotted, is similar to Fig. 8a , a radical change can take place, if another vortex is introduced. For instance, the sound pressure in Fig. 12b received at 0 = r_/2 is nearly zero. At first glance, one may think that this is a case of complete destructive interference. This is, however, not the case after seeing the directivity diagram in Fig. 8c . The overall intensity is actually increased but the directivity pattern has rotated 90°with the minimums in the vertical direction where the signal is received. Attenuation is still possible by simply shifting the lower vortex upward as illustrated in Fig. 13a . Although the magnitude of sound pressure in this figure is not too much smaller than others, the overall intensity is lower as can be seen by comparing the directivity of Fig. 8c with that of Fig. 8d . The latter is the directivity pattern for Fig. 13a . Moreover, the configuration in Fig. 8d is rotated and the mid-section is bulged out. The direction of maximum sound intensity is, therefore, different. The lower vortex in this case interacts with both blades, since it passes through almost the middle of the passageway. This likely is the underlying mechanism of attenuation. In order to see this effect, the sound pressures from both blades are plotted separately in Fig. 13b . In this figure, the extent of attenuation, though not large, can clearly be seen. Note also that for the purpose of attenuation the precise position of the lower vortex is not critical, as long as it falls within a certain range.
A further reduction of sound generation is possible, if two blades form a divergentlike "channel" as in Fig. 14a . The geometry of the blades is the same as before, except the outward rotations of 5°. The upstream positions for two incident vortices in this case are also the same as in Fig. 13a . Since two blades rotate outward and the vortexto-blade miss distances become larger, reduction in sound intensity is expected. The extent of reduction as shown in Fig. 15a is, however, not foreseen.
Before proceeding any further, it is time to include a snapshot of the wake formation behind the blades. As mentioned previously, the Kutta condition is imposed in computations with lifting bodies. Therefore, wakes, though not plotted, are a part of solutions.
The configuration in Fig. 14b should be a part of the insert in Fig. 14a , if more space is available. The two blades in Fig. 14b correspond to the blades in the insert of Fig. 14a . In the present formulation and for the convenience of bookkeeping, one vortex is shed from each trailing edge at every time step regardless of its strength.
For instance, when the incident vortex is far from the body, the circulation around a large closed curve is essentially invariant, and yet the Kutta condition is still applied and vortices are still shed. The strengths of these vortices are nearly zero, which manifest as straight lines in Fig. 14b . Only the curved portions are created while vortices pass near the blades and contain significant vorticities.
As anticipated, a pair of like-signed vortices convected through an inlet-like passage will cause the noise level to increase as indicated in Fig. 16a and the accompanied directivity plot in Fig. 15b . Although a similar technique as in Fig. 13a can be used to reduce noise level by lifting the lower vortex trajectory upward, the underlying mechanism appears to be different. With two vortices of same sense, each will rotate about the centroid with a constant speed. The end result is to cause vortices moving away from the blades and, therefore, to lessen sound production. Thus, as long as there are two vortices in the passage, a judicious arrangement of their positions can promote destructive interference.
In Section 6.1, two examples were given to demonstrate that: (a) sound production is not affected materially by the angle of attack (Fig. 11 a) , and (b) a pair of rotating vortices acts more like a single vortex than two separate vortices (Fig. 1 lb) . These properties are found to be essentially valid for two stacked blades.
In the preceding examples, the separation distance between two blades was fixed to be of one chord length. Change of this distance is expected to have an effect on sound production. However, a decrease of this distance by a moderate amount does not seem to have much effect on the noise intensity or the directivity pattern (Figs. 16b and 15c ), while an increase by a similar amount proportionally elevates the intensity substantially ( Figs. 17a and 15d) . The reason appears to be that as the separation distance increases, sound production from the upper blade and from the lower blade becomes essentially additive with little coupling between them, and the intensity becomes higher.
As the distance reduces, the coupling increases, more attenuation results and the intensity becomes lower. Note that the observer's position in Figs. 16b and 17a is at 0 = 45°, so that the received sound pressure is not zero. If it were 90°, sound pressure will be zero as in the case of Fig. 12b .
Although the separation distance does not have a major effect on sound production, staggering (two leading edges are not aligned vertically) does. This is somewhat equivalent to the non-concurrent arrival of two vortices. Thus, the more it is staggered, the higher is the sound. The effect of staggering is shown in Fig. 17b . In view of its directivity pattern in Fig. 18a , the noise intensity has been greatly increased.
Note that the receding distance of the lower blade is relatively small and equals 0.25 chord lengths.
There are two methods to bring down noise in this case. As the observer moves farther away from the interaction, the received sound is expected to decrease. The relationship is not exactly linear as can be seen in Eqs. (10) and(25). In orderto seethis effect, Fig. 19bis includedin which theobserver is 100 chord lengths from the origin as opposed to the usual distance of 50 chord lengths with all other parameters unchanged.
Next consideration is given to the case of three vortices interacting with 3 stacked blades (Fig. 20b) . In order to see the difference between this configuration and the corresponding case of two blades, Fig. 20a is first calculated, whose directivity pattern is in Fig. 18c . Both the size and shape of this pattern are seen to be somewhat similar to those in Fig. 15b . This seems to be reasonable, since in these two cases the strengths of vortices are equal, they are all negative and the vortex-to-blade miss distances are nearly equal, although the dispositions of vortices are different. The case of 3 blades in Fig. 20b is merely an extension of Fig. 20a as is evident by comparing these two figures. The unsettled question is whether its acoustic characteristics will approach asymptotically to that of a linear cascade as the number of stacked blades increases.
Nonlifting Bodies
In all previous cases, only lifting bodies have been studied. It would be of interest to give two examples corresponding to two previous cases but with nonlifting bodies.
In these cases there will not be any wake and there is no need to impose the Kutta condition. However, it was found that the calculated circulation around the body, though small, was not in general zero. This discrepancy has to be removed, because if the circulation is not zero, the singularity in Eq. (18) will prevail, which will then have an adverse effect on the sound production.
In order to impose this zero circulation condition, a procedure similar to Wilkinson's method 2 for the Kutta condition was employed.
The first example is similar to Fig. 6a and is shown in Fig. 21a . It is interesting to note that there is no high peak in the sound production and the overall intensity is considerably lower than that in Fig. 6a . The sound pressure distribution is seen to be antisymmetric with respect to the mid-point. This is likely due to the symmetry of the body. The second example is a counterpart of Fig. 10b . Here the destructive interference is obvious and is more effective than that for a lifting body. In view of these two examples, it seems to indicate that if a lifting body can be replaced by a nonlifting body, the noise production by vortex interaction will be markedly lower.
Although not evident, the geometry of this non-lifting body bears similarity to an NACA-0012 airfoil in the sense that it is essentially formed by two front halves of the airfoil. Its thickness is also approximately equal to 12% of the length. Thus, a large decrease in noise production by non-lifting bodies is likely due to the absence of the trailing edge.
CONCLUSION
The results of this study may be summarized as follows: (a) In the section of method 
